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Introduction
The Alaska pollock fishery is the largest U.S. fishery by volume. Annual catches from 2000-2009 have averaged around 1.3 million metric tons (National Marine Fisheries Service [NMFS], 2010) . This fishery accounts for more than one-third of total U.S fisheries landings and about 7% of total U.S. ex-vessel value. The revenues from roe account for about one-third of all pollock products, while the volume of roe in the total pollock products is about 5%. In 2008, the United States exported 19,825 metric tons of frozen Alaska pollock roe (NMFS, 2009) . Approximately 96% of the frozen roe was exported to Japan and South Korea.
The traditional quality evaluation of pollock roe is done by human graders following a complicated set of criteria based on whether the roe is a single or double roe and based on its weight, intactness, color defects, and maturity, as discussed in Part I of this study (Balaban et al., 2012) . For weight classification, the error rate was calculated as 13% by human graders. The evaluation and quantification of color is more difficult, and this study shows that both sides of the roe may not have the same colors and/or defects, making evaluation more complicated.
Quality evaluation can be automated by machine vision (MV), and this is desirable for a more rapid, objective, and repeatable process (Balaban et al., 1994; Luzuriaga et al., 1997; Brosnan and Sun, 2002) . MV methods have been developed for different products and are being used increasingly in the food industry for quality assurance, with a high level of flexibility and repeatability at relatively low cost (Gunasekaran, 1996; Balaban and Odabaşı, 2006) . MV has been applied to many foods, such as quality grading of fruits (Blasco et al., 2003) and for the quality analysis of meat, fish, pizza, cheese, and bread (Brosnan and Sun, 2004; Tan, 2003) .
Quantification of color by humans is difficult . MV can evaluate color, but specific criteria for each application need to be developed, and the method must be flexible to account for the variability of food and agricultural materials. Bekhit et al. (2009) evaluated the color parameters (lightness L * , redness a * , yellowness b * , chroma C * , and hue h * ) and spectral surface reflectance of raw and processed roes from chinook salmon, hoki, southern blue whiting, hake, blue warehou, and barracouta. Beatty (1993) , Beatty et al. (1993) , Croft et al. (1996) , and Kurnianto et al. (1999) developed a twodimensional contour shape analysis method to automate herring roe quality grading by MV. Herring roe has a single skein (sac that holds individual eggs), compared to either a single or a double skein for pollock roe. In addition, there are color-based defects that need to be detected in pollock roe (Bledsoe and Rasco, 2006) . These include green spots, dark roes, dark strips, and uneven colors due to darkening of part of the surface by "freezer burn." This is the drying of the surface during frozen storage, mostly due to inadequate packaging, that results in a darkening of the color. The analysis of the surface color of pollock roe is also complicated by the existence of blood vessels in the membrane that surrounds the eggs. Since the membrane is removed when the eggs are processed, these blood vessels do not constitute a defect, but their presence complicates color analysis. Also, one side of the roe may have a different color than the other side, and defect(s) may be only on one side. Therefore, both sides of the roe must be evaluated for quality.
The automation of the complete quality evaluation of pollock roe would require the following steps: the determination of shape (single or double roe, intactness); the determination of weight; the determination of the maturity of the roes; and the quantification of visual/color defects such as green spots, dark roes, etc. These steps are interconnected, as discussed in Part I of this study. For example, the weight classification depends on single or double roes, on intactness, and on maturity.
MV grading to determine the quality of Alaska pollock roe is desirable to increase the reliability and uniformity of grading, with the possibility of non-destructively analyzing several parameters simultaneously such as weight prediction, detection of non-uniform size, and color defects. With this in mind, the objectives of the second part of this study were (a) to develop automated criteria to evaluate and quantify the color defects (green spots, dark strips, and dark color) and (b) to quantify uneven color development due to "freezer burn" for Alaska pollock roe with the aim of automated sorting using MV.
Materials and Methods
Roe
The same one hundred and forty-two Alaska pollock (Theragra chalcogramma) roes described in the first part of this study were used (Balaban et al., 2012) . The roes were already graded by plant personnel and placed in their appropriate bins in the processing line in a Kodiak, AK processing plant. They were temporarily removed from their bins, and their image obtained by placing them in a light box described by Luzuriaga et al. (1997) . The roe was then returned to the processing line. The roes were chosen at random within a grade, and we tried to have about 10 roes per quality grade, depending on availability.
Imaging
A light box, designed and built by the researchers and described by Luzuriaga et al. (1997) -with the dimensions 122-cm high, 61-cm wide, and 46-cm deep-was placed in the plant, close to the roe processing line. The light box had D65 illumination using fluorescent bulbs with a Color Retention Index of 0.98 (F15W1XX, Lumiram, Larchmont, NY, USA). The door of the light box was closed during image acquisition to eliminate interference from ambient light. The roe was placed under a DFK 31BF03 video camera (The Imaging Source, Charlotte, NC, USA) with a 1024 × 768 pixel resolution, and a IEEE1394 interface to a laptop computer. The camera had a Tamron F: 6-12 mm, 12VM 612 lens (Tamron USA, Commack, NY, USA). The camera settings were calibrated by minimizing the cumulative error for eight colors (red, green, blue, yellow, magenta, cyan, black, white) that correspond to the eight corners of the Red, Green, Blue (RGB) color space (Table 1) . Reference colors (Color Checker Classic, X-rite Inc., Grand Rapids, MI, USA) were used for this.
Four images were acquired for the same roe in the light box, to compare if the angle and side of the roe had an impact on the results. Images were taken from two different angles for the roe, then it was flipped to the other side, and the process was repeated. Every image included two reference squares, one for size and the other to calibrate for color (Figure 1 ). The color reference was from Color Checker.
Image Preparation
After segmentation (differentiation of the roe from the background) by using threshold RGB values, color calibration was performed using the image acquisition and analysis software LensEye (Engineering and CyberSolutions, Gainesville, FL, USA). The known colors of the reference square (L * = 52.14, a * = 38.68, b * = 22.35) were compared with the average color (L * , a * , and b * ) of the reference square obtained from the image. The difference was applied to every pixel of the image, resulting in color calibration.
Preliminary Analysis to Determine the L
* and a * Thresholds
The color of roes had a wide distribution. The L * ranged from less than 15 to more than 85 (Figure 2 ). Since the green spots and the dark strips are "darker" than the rest of the roe, they can be detected by looking at an appropriate L * threshold below which a color defect is assumed. However, the selection of this L * threshold is complicated by the fact that the average L * value of the roe varies widely. Therefore, the L * threshold must "adapt" to each roe's color. The easiest approach is to take the L * average of each roe and then reduce it by a percentage to find the L * threshold . Another concern is the red blood vessels that are darker than the rest of the roe, but that do not constitute a defect and therefore must not be detected as a color defect. The solution to this was to limit the detection of a defective pixel color to below an appropriate a * threshold . Higher a * values mean "more red," which would eliminate the detection of the blood vessels.
Thirty-seven roes representing the color and defects range were selected. They were analyzed using the LensEye software by applying different percent reductions to the L * average of each roe and different a * threshold values. The area detected as defective by using a given set of L * threshold and a * threshold was shown in real time on the image for evaluation of appropriate selection. It became evident that the level of 66% reduction of the L * average and a * threshold = 20 were the best choices (data not shown). These values were adopted to analyze all 142 roes for "color defects" that included green spots and dark strips.
Quantification of Defective Surface
All 142 roe images, each image containing four pictures of the same roe at different angles for both sides, were analyzed using the color defect settings of L * threshold = 0.66 × L * average of each picture in the image and a * threshold = 20. The images showing the highlighted defective areas were saved.
Color-Smoothing of the Image
The darkening of part of the surface of the roe due to "freezer burn" is difficult to detect by the above settings. "Smoothing" of the colors was necessary to average small differences in color and therefore make detection of uneven dark areas easier. The method chosen to accomplish this was the "color primitives," described by Balaban (2008) .
A color primitive is defined as a continuous area of an image where the "intensity" of any pixel is within a given color threshold (CT) value. The intensity difference is defined as:
The R, G, and B values are those of an "anchor or reference pixel," and the values with the subscript i are the neighboring pixels being tested for belonging to the primitive. Once all the pixels that belong to a primitive with I values less than a given threshold are found and no other pixels can be added, then the anchor pixel is changed to an available, neighboring pixel, and the process is repeated until all pixels are processed. The I parameter is important: a small value will result in many small primitives; a large value will result in a lower number of larger primitives. The color of the primitive is the average color of all the pixels that it contains. Therefore, this is a "smoothing" technique for color. After many trial-and-error runs, a CT = 75 value was found to smooth the images appropriately. All roe images were processed in this manner, and the resulting smoothed images were analyzed.
Analysis of the Smoothed Images
The images that were color-smoothed by applying CT = 75 were analyzed by using the criterion of determining as the defective area if a pixel had an L * value below the L * threshold value (darker). The L * threshold values were selected as L * threshold = L * average of the roe × P% (60, 65, 70, 75, 80, and 85% were used for the P value). The resulting percent defective area was calculated by the LensEye software, and the image showing this area was saved. The frequency distributions of the percent defective areas were developed for each level of P.
Evaluation of Length Differences of the Two Sides of a Double Roe
For double roes (64 double roes in this study), the length of the two sides is evaluated; if there is a difference of more than, e.g., 20%, then the roe is considered as defective. To estimate the length of the sides, the "distance transform" method was used to calculate the medial axis of the sides (Fabbri et al., 2008) . Then the relative lengths were compared, and a percent difference was calculated as:
(Length of the long side − length of the short side)/Length of the long side * 100. (2) A typical medial axis is shown in Figure 9 . Since there were generally four images of the same roe, two approaches were taken: first, each individual image was treated separately, and then the average percent difference of a roe (generally the average of four values) was analyzed.
Results and Discussion
Quantification of Green Spots, Dark Stripes, and Dark Roes
The identification of dark roes was done by examining the average L * value of the roe. In our study, the roes had a wide range of colors. The average L * distribution is shown in Figure 2, ranging from less than 15 (very dark) to more than 85 (very light). Depending on the company requirements, market demands, and other criteria, the proper threshold for the L * value can be set, below which a roe is considered as dark.
Since each roe had four pictures, and since these pictures were not identical as to the color and level of defects, when reporting the color defects, the worst case was taken among the four pictures. This would be consistent with the idea that if one side of the roe does not have a defect, but the other side has, then the roe does have a defect. The quantification of green spots and dark strips was accomplished by setting an L * threshold = L * average × 0.66 and an a * threshold = 20. The resulting frequency distribution of the percent defective area on the roes in their worst case picture is shown in Figure 3 . Typically, the industry sets a percent area limit of 10% for green spots, dark strips, and uneven colors. Figure 3 shows that there are few roes above the 10% defect level. Depending on the requirements of the evaluation, the L * threshold can be changed, therefore changing the distribution and making the quality standards more strict or more relaxed. Roe 1, Figure 4 Roe 39, Figure 5 Roe 115, Figure 6 Average Table 2 . This roe had an L * average of 14.61. It was the darkest roe in the samples. The result of the color defect analysis for this roe is shown in Figure 4b . The areas highlighted in white constitute the region of color defects and were 15% (worst case of four pictures) of the area of the roe. Figure 5a shows an example of a roe with green spots and dark strips. The dark strips are visible on the roe picture at the upper left corner. Also, the presence of dark blood vessels is noticeable. In Figure 5b , the areas highlighted in white are considered as a color defect and constitute 4.6% of the roe's surface area (Table 2 ). This includes the dark strip. It should be noticed that the blood vessels are not included in the defective areas, as expected. Figure 6a shows an example of a roe with an uneven color and with darkening due to "freezer burn." The dark areas are most visible on the bottom and rightmost pictures. The amounts of color defective areas are shown in Figure 6b (2.4% of the area, Table 2 ). It should be noted that the dark areas are not caught by the L * threshold and a * threshold settings. This is why the next step, the "smoothing" of the colors for uneven color detection, was performed.
Detection of Uneven Colors
All the images were subjected to a CT = 75 color primitive "smoothing." Since this is smoothing by averaging, the average L * value of the roe does not change (Figure 2 ). The resulting images can be seen in Figure 4c , 5c, and 6c. It should be noticed in these Figures that the degree of detail is much less, but the general features are still intact.
The CT = 75 images were analyzed for % areas where the L * value of a pixel was less than the L * threshold = L * average × P, where the percentage P was selected at 60, 65, 70, 75, 80, and 85% . The frequency distribution of the % areas detected for P = 60, 70, and 80% are shown in Figure 7 . As expected, as the P value increases, more of the surface area is detected and the defective area increases. However, if the roe only has uneven colors and no other defects, then the defective area does not increase when the P value goes from 60 to 80. This is shown in Figure 8 . For the unevenly colored roe in Figure 6 , the P = 60 analysis result is shown in Figure 8a , P = 70 in Figure 8b , and P = 80 in Figure 8c . The corresponding numbers for the defective areas are shown in Table 2 . It is evident that for the unevenly colored roe, the defective area is the same regardless of the selection of the P percentage in color analysis. This is not the same for roes in Figures 5 and 6 . In their case, in the analysis of the CT = 75 images, as the P percentage increases, so does the defective area. This provides a tool for discriminating between a roe that has only uneven coloring and one that has other defects. Figure 10 shows the histograms of the percent differences in lengths of the two sides of double roes in this study. When individual roe images were treated separately, there were wide variations for the same roe. This was because, depending on the placement of the roe and its side, there could be differences in appearance and therefore length. When all the percent differences of a roe were averaged (generally four values), then the level variation was reduced, as expected. This emphasizes the importance of placement of the roe on a conveyor belt, which affects how it is perceived. 
Evaluation of Length Differences of the Two Sides of a Double Roe
Conclusion and Recommendations
The procedures developed in this study provide tools for the automation of color evaluation of pollock roe. The detection of dark roes is accomplished by setting a threshold for the average L * value of the roe. The advantage of this is its flexibility in adapting to different colors changing from roe-to-roe, from season-to-season, and from location-to-location, since the inherent property of the roe, its average L * value, is used for the determination of the L * threshold . The quantification of green spots and dark strips requires the adjustment of two parameters: a percent of reduction of L * average of the roe to determine the L * threshold , and an a * threshold value to eliminate interference of blood vessels. The quantification of uneven colors is a two-step process: first, the image is "color-smoothed" by applying an appropriate CT value, then the resulting image is analyzed for dark regions by setting an L * threshold value based on an appropriate percentage of the L * average of the roe. All these parameters can easily be adjusted depending on how severe the judging criteria are desired to be.
The "distance transform" method could be applied successfully to determine the length of a non-uniform shape such as a double roe. The challenge is to develop a method to capture images of both sides of the roe in an industrial setting and to present the roes consistently to the camera.
Combined with the methods and results of Part I in determining weight, the methods developed in this Part represent a significant step toward automation of the quality evaluation of pollock roe. The remaining work is in the area of automated maturity determination.
